Seasonal and vertical changes in abundances of bacteria and heterotrophic nanoflagellates (HNF), and HNF grazing on bacteria were investigated in a small eutrophic inlet of Uranouchi-Wan throughout the years. Bacterial densities in the surface water ranged from 1.2 to 11 (average 4.3) × 10 6 cells ml -1 with a couple of maxima following the algal blooming. Densities of HNF ranged from 0.54 to 73 (average 16.4) × 10 3 cells ml -1 in the surface, and showed almost similar fluctuation pattern to that of bacteria with a time lag of about 1 to 2 weeks. Grazing rates of HNF on bacteria obtained by FLB method were 4.78 to 16.9 (average 10.3 ± SD 4.8) cells HNF -1 h -1 in the surface layer in summer, and consequent total bacterial consumption rates by HNF fluctuated from 4 to 99 × 10 4 cells ml -1 h -1 . In deeper layers, however, as HNF densities and grazing rates on bacteria were low, the grazing pressure of HNF on bacteria was small. Turnover times of bacteria by HNF grazing in the surface layer were calculated as relatively constant values of 40 to 60 h, however, it decreased to as low as 6 to 7 h when the HNF activity was highest. These results indicate that bacteria grew so actively by consuming organic matter in seawater as to compensate high HNF grazing pressure, and that bacteria and HNF in the microbial loop play important roles on the turnover of substrates in coastal ecosystems.
Introduction
Heterotrophic bacteria utilize and grow on various kinds of organic matter in marine ecosystems. Bacterioplankton consumes dissolved organic matter, which is not effectively utilized by eukaryotic organisms, and transforms it to particulate organic matter of its cell (Haas and Webb, 1979; Azam et al., 1983; Bratbak, 1987) . Hence, heterotrophic bacteria play important roles on the energy flow and nutrient cycling in marine ecosystems.
Heterotrophic nanoflagellates (HNF), on the other hand, are ubiquitous protozoan zooplankton in a size range of 2 to 20 µm. From many recent studies, it is generally accepted that HNF is one of the most important bacterial consumers (Andersen and Sørensen, 1986; Fenchel, 1986; Rassoulzadegan and Seldon, 1986; Pace, 1988; Wikner and Hagström, 1988; Nakamura et al., 1994) . Previous studies have clarified the distribution of bacteria and HNF in various aquatic environments. However, only few studies have examined the seasonal dynamics of bacteria-HNF interactions throughout the year (Nagata, 1988; Iwamoto et al., 1994) . These data are fundamental for understanding the pattern of the energy flow in microbial loop.
Uranouchi-Wan, a heavily eutrophic small inlet in Kochi-Ken, was selected as the field of the present study. In this inlet, there are many mariculture net cages and serious algal bloomings often take place in summer (Fukami et al., 1991b) . In such a eutrophic area as Uranouchi-Wan, roles of heterotrophic bacteria as organic decomposers and bacterivorous nanoflagellates would be important. This paper presents our data on seasonal and vertical distribution of the abundances of bacteria and HNF in Uranouchi-Wan. We also examined grazing rates of HNF on bacteria and indicated the important roles of bacteria and HNF in coastal marine ecosystems.
Materials and Methods
Seawater samples were collected at a station in the center part of a small eutrophic inlet of Uranouchi-Wan, Kochi-Ken (Fig. 1) , in 1991 and 1992. Water depth of the station was ca. 16 m. Water samples collected from 0, 1, 2, 3, 5, 10 and 15 m layers were immediately fixed with glutaraldehyde (final conc. 1%) and were brought back to the laboratory. These samples were used for determining the densities of bacteria and HNF under epifluorescence microscopy after staining with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, Wako) (Fukami et al., 1991a) .
Grazing rates of HNF on bacteria were measured by using fluorescently labeled bacteria (FLB) as a tracer (Sherr et al., 1987) . Natural seawater was filtered through a GF/C glassfiber filter. The bacterial assemblages in the filtrate was concentrated by holofiber filtration (H1MP01-43, 0.1 µm, Amicon Corp.) followed by centrifugation (13000 xg, 15 min). The concentrated bacteria were stained with dichlorotriazinyl-aminofluorescein (DTAF, Sigma) and FLB were prepared. Detailed procedure was described in a previous paper (Fukami et al., 1991a) . Final concentration of FLB was 2-5 × 10 8 cells ml -1 . Cell suspension of FLB was filtered through a 3.0 µm Nuclepore filter to remove aggregates just before using. The incubation was started by adding FLB suspension to 200 ml of seawater samples. Final concentrations of FLB were ca. 20% of total bacterial densities. The samples were incubated at in situ temperature for up to 1 h. Duplicate subsamples were withdrawn after 0, 5, 10, 20, 30 and 60 min, and fixed with glutaraldehyde (final conc. 1%). The numbers of FLB taken up by 50 HNFs were counted for each subsamples, and then were plotted against the incubation time. By using the linear period (usually until 20 min.) the grazing rate of HNF on bacteria was calculated as a slope. Besides these microbial parameters for the seawater samples collected, water temperature, salinity, and concentration of dissolved oxygen (DO) were measured by using a CTD system (Ocean 7, IDRONAUT; Milano).
Results
Vertical and seasonal fluctuations of water temperature at the station in 1991 were illustrated in Fig. 2 . Thermal stratification in Uranouchi-Wan started in late May and continued until mid September, although the difference of water temperature between the surface and the bottom layers was not so much. Concentrations of dissolved inorganic nitrogen (DIN) and dissolved phosphorus (DP) in the stratified season were 20-25 and 3-4 µM in the bottom layer and less than 5 and 0.5 µM in the surface, respectively (data not shown).
Changes in abundances of bacteria and HNF in the surface water in 1991 were shown in Fig.  3 . Fluctuation of bacterial densities in Uranouchi-Wan was relatively large in the surface water, ranging from 1.2 to 11 (average 4.3) × 10 6 cells ml -1 , while in deeper layers, it was rather within a narrow range (Fig. 4) . In the surface layer, maximal values of bacterial density were obtained three times a year, the first one was observed in late May, which was just after the diatom (mostly Skeletonema costatum) blooming. The second one was in August, which followed the bloom of Dinophyceae, mostly Gymnodinium spp. The last one was shown in September to early October, which did not succeed a blooming of any particular plankton species (Fig. 3) . Densities of HNF ranged from 0.54 to 73 (average 16.4) × 10 3 cells ml -1 in the surface water, and it showed nearly similar fluctuation to that of bacteria although it had some time lag. The average density ratio of bacteria and HNF in the surface water was 262. Peaks of HNF densities were observed about 1 to 2 weeks after the bacterial maxima until mid August (Fig. 3) . Figure 4 illustrated the density contours of bacteria and HNF. High densities of HNF distribution in the surface layer nearly coincides with those of bacteria, while HNF peaks were delayed for 1 to 2 weeks.
Grazing rates of HNF on bacteria obtained by FLB method in summer season in 1991 were 4.78 to 16.9 (average 10.3 ± SD 4.8) cells HNF -1 h -1 in the surface layer, 2.32 to 15.4 (average 6.22 ± 4.40) in 5 m layer, and 2.17 to 4.96 (average 3.68 ± 1.11) in the 10 m layer, respectively (Table 1 ). Total consumption rates on bacteria, obtained by multiplying grazing rates by HNF abundances, in summer in 1991 were shown in Table 2 . It ranged from 4.3 to 99 (average 41 ± 36) cells ml -1 h -1 in the surface, from 0.39 to 7.7 (average 2.4 ± 2.4) in the 5 m, and 0.53 to 1.1 (average 0.64 ± 0.29) in the 10 m, respectively. It reached to the maximum of nearly 10 6 cells ml -1 h -1 at the surface water on August 8 in 1991. Turnover time calculated by dividing bacterial abundances by total consumption rates were shortest in the surface layer. The average (±SD) value in the surface was 46.3 (±42.8) h with the minimum of 6.9 h, while in 5 and 10 m layers, turnover times were much longer of 212 (±158) h and 475 (±598) h, respectively (Table 3) .
As these data of HNF grazing on bacteria obtained in 1991 were only in summer season, 
Discussion
We observed a couple of peaks of bacterial abundance after the algal blooming, and the densities of bacteria and HNF showed nearly similar fluctuation patterns with a time lag of about 1 to 2 weeks in the surface water of Uranouchi-Wan until mid summer (Fig. 3) . These results strongly suggest that bacteria and HNF were in a predator-prey relationship and that bacteria grew on organic exudate released from phytoplankton and/or plankton debris (Fukami et al., 1981) were consumed by HNF, which could be a main factor influencing the temporal changes in the bacterial abundance (Fukami et al., 1991a; Nakamura et al., 1994) .
In the surface water, as grazing rates of HNF on bacteria were 5 to 17 cells HNF -1 h -1 (Table  1) and as HNF densities were relatively high (Fig. 3) , we obtained the large average of total bacterial consumption rates of 4.1 × 10 5 cells ml -1 h -1 (Table 2 ). Fuhrman and McManus (1984) reported the rate of 0.46 to 6.3 × 10 5 cells ml -1 h -1 in coastal area of New York by using an antibiotic. Wikner and Hagström (1988) indicated the rate of 0.7 to 2.3 × 10 5 cells ml -1 h -1 in Bothnian and Mediterranean Sea by using a "minicell" method. Sherr et al. (1989) showed the rates of 0.4 ± 0.25 × 10 5 cells ml -1 h -1 in open sound and 2.4 ± 1.0 in a tidal creek, of Sapelo Island, Georgia, by using FLB method. The rates were also measured in eutrophic freshwater environments as 0.1 to 0.4 × 10 5 cells ml -1 h -1 (Bennett et al., 1990) and 0.1 to 1 × 10 5 cells ml -1 h -1 (Fukami et al., 1991a) . These results indicate that our data of bacterial consumption by HNF in the Uranouchi-Wan were one order of magnitude greater than those in open sea and several times higher than those in coastal areas. Although the bacterial mortality was so high, turnover times were relatively constant of 40 to 60 h in the surface layer (Fig. 5) . Unfortunately, bacterial production rates were not measured in this study, but the results suggest that bacteria grew actively so as to compensate such a high mortality due to the HNF grazing in summer. This implies that uptake of organic substrates in seawater by heterotrophic bacteria would be fast, and that bacteria and HNF in the microbial loop play important roles on the carbon cycle in Uranouchi-Wan ecosystems. In 5 and 10 m depths, on the other hand, both HNF densities and grazing rates on bacteria were low, which resulted in 1 to 2 orders of magnitude lower values of total bacterial consumption rates than those in the surface (Table 2) . These results would have indicated that HNF in the middle and deeper layers were less active than those in the surface layer. To examine this possibility, specific clearance rates were calculated by dividing grazing rates by bacterial densities (Table 4) . Results showed that specific clearance rates of HNF in Uranouchi-Wan were 1 to 3 nl HNF -1 h -1 and those were exactly similar range to those previously reported (Andersen and Sørensen, 1986; Fukami et al., 1991a) but that HNF clearance rates in the 5 and 10 m depths were generally higher than those in surface layer (Table 4 ). This suggests that HNF in deeper layers were more active than the surface ones. Thus, low grazing rates and low total bacterial consumption rates in 5 and 10 m depths were due to the low densities of bacteria and HNF.
In the present study, we obtained HNF grazing rates on bacteria of less than 20 cells h -1 , and these values were comparable to those obtained in previous papers (Sherr et al., 1988; Bloem et al., 1989; Pace et al., 1990; Fukami et al., 1991a) . Recently, some scientists indicated that protozoan zooplankton preferred living (Landry et al., 1991) or motile (Gonzalez et al., 1993) bacteria to non-living fixed ones. Moreover, fixation often caused flagellates to egest food vacuole contents (Sieracki et al., 1987) . These informations suggest that it is possible that estimation of HNF grazing rates on bacteria obtained by heat-killed FLB method in the present study are underestimated. If it is correct, bacterial mortality, and its compensatory production rates, would be much higher, and consequent turnover rates of organic matter in coastal seawater must be higher. New technique for measuring protozoan grazing rates is expected in the future.
